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Sir: 

1, Audrey D. Goddard, PttD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 2001,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
' forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent applicatioa 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL, PCR 
Methods AnpL 4:357-362 (1995) (Exhibit C) and Heid et a/., Genome Res. 6:986-994 (1996) . 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR printers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA . 95(25): 1 471 7-1 4722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712):699-703 (1998) (Exhibit F) andBieche et aL Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 

. receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 



Serial No.: * 
Filed: * 



7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a rumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown . 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I" declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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PROFESSIONAL EXPERIENCE 

Gerientech, Inc. 1993-present 
South Sah Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
PartHSubteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 -1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification, 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



1983 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowsjd PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M f Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D f Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL f Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. . 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A.. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D t Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, LautierC, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S f Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript. submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Maruoka M, Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood W I. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA t Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB/Ng E t Kern JA ,Lee J t Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): .1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor G/M. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M t Armanini M, Swanson TA f Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1 996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard. A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting. protein that regulates TRAF-mediated signal transduction. Proc. NatL 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass.S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 1 42: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. NatL Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, ZeiglerFC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
NatL Acad. ScL USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R; Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl J Med 333* 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. NeuroscL Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Roretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E: (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Sr. J. Haematol. 82; 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet Cell. Genet 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254:. 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254: 1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet Cell. Genet 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R t Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T, (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet 46: 1024-1033. 

Gallie BL f Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA,. Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Germline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: .31 2-314. 

Gallie BL, Dunn JM,. Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni* 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the ampfification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PCR 1 to clin- 
ical diagnostics arc well knowy*- 5 , it is still not 
widely used in this setting, even diough it is 
font- year& clucc thcrrwystAbJe DNA potym*r* 
ase* 4 made PGR practical. Some of the reasons for it* slow, 
acceptance are high cost, tack of automation of pre-* and 
post- PCR processing steps, and false positive results, from 
carryover-contamination. The first two points arc related 
m that labor is the largest contributor to cost at the present 
stage of PGR development. Most current assays require 
soTjjc form of "downstream" processing once tbermocy* 
cling h done in order to determine whether the target 
I>NA sequence was present and has amplified. These 
include DNA hybridiwdon***, ge! eJectropboTeds with or 
without use of rc^ictiortdtge^^n 7 **/HFLC*, or capillary 
electrophoresis l0 * These methods arc labor-intense, bare, 
low throughput, and arc cUEEcuh to automate. The third 
point is also closely related to downstream processing. 
The handling of the FC& product in these downstream 
processes increases the chances thai amplified DNA will 
8pread through the typing- lab, resulting in a risk of 



"cartyover w false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of -amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
jlace without, the need to separate reaction components 
iavc been termed '^homogeneous'* . No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
al.*% developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Alldc-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Rcccndy, Holland, et al, l? , developed an assay iti 
which the endogenous 5 r cjsdnudease assay of T<if DNA 
potymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only cleave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect die cfcavage product^ however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbc greariy in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound .to.ds- 
DNA t4l " ie . As outlined in Figure }, a prototypk PCR 
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RWtE 1 Principle of simultaneous amplification and- detection Of 
PCR produce The component* of a PCR containing £(&r that arc 
fluorescent are listed-«Br itself, EtBr bound to other ssDN A or 
daPMA. There is * large fluorescence enhancement when EtBr Is 
bound to DNA and binding is greatly enhanced when DNA .is 
double-stranded. After sumdent <n),.cydcs of PCR* the.net 
increase 'in dspNA results in- additxonai £tBr biiid&ng, and st net 
increase in total nuozescence: 
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WW a Gddcctrophoresis of PCS. Amplification prodvctB of the 
human, nuclear gene, HLA DQa, made in the presence of 
increasing amounts of EtBr (up 10 8 p^tnl). The presence of 
£tUr has no obvious effect on lite yield" or spcdfkity of amplifi- 
cation. 
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RGOU % (A) fluorescence measurement* from PCRs that contain 
0.5 |*g/mJ EtBr and that Ate specific for V-chrotnosOxbe repeat 
jeqoetioe*, Five replicate PCRs tvere begun containing each of the 
DNAs specified. At each indicated cycle, one of the five replicate 
PCRs for each DNA was removed from thennocyding and Hs 
fluorescence measured. Unit* of fluor^acence are arbitrary. {£) 
UV photography of PCR tube* (0.5 nil EppeDdotf^tylc, polypro* 
pylcne mta^cehirifugc tubes) conUmiirjg reactions, those start* 
ing from 2 Jig male DNA and control reactions without Any DKA + 
from (A). ' 
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begins with primers diat are single-stranded DNA (ss- 
DNA)» dNTPs, aud DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PCR^ 8 , If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by- 
its intercalation between the stacked bases of the DNA 
doubte*hcf&)« After the first denaturation cyde, target 
DNA will tie largely single-stranded. After a PGR is 
completed, the most significant change i$ the increase in 
the amount of dsDNA (tbe PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer! but because tbc binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
die total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
iUumination through the watts of the amplification vessel 



before and after, or even continuously during, thermocy 
ding. r 

RESULTS 

PGR in die presence of EtBr. to order to' assets the 
affect of EtBr to FOR, amplifications of the human HI.A 
DQa gene** were performed with the dye present a* 
concentrations from 0,06 to 8.0 \igfrnl (a typical concen- 
tration of EtBr used tn staining of nuctek aads foltowing 
get electrophoresis is 0.5 ug/mf). As shown in Figure 2, get 
electroohoTcsis revealed little or no difference in the yield 
or quahty of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does nor inhibit PGR, 

Detection of human Y-eJzrozncwitra specific $e» 
cpences* Sequence-specific, fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a series of 
amplifications containing 0,5 jxg/ml EtBr and primers 
specrnc to repeat DNA sequences found on the human 
Y -chromosome* 0 - These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0> 
17, 21 , 24 and 29 cycles of thenuocyding, a FOR for each 
DNA was removed from the thermocyder, and it? fluo- 
rescence measured in a spcxtrofiuorotneter and plotted 
vs. amplification cyde number (fig. 5 A), The shape of this 
curve tcSccts the feet that by the time an increase in 
fluorescence can be detected, the increase in DNA U 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence increased abou.t threofold 
ewer the background fluorescence for the PCRs contain* 
ing human male DNA, but did not significandy increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with — 60 ng versus 2 ng— die fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electiwnortsis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that little DN A synthesis took place in the 
control samples. 

In addition, the increase in, fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transilhuninatOT and photographing them through a red 
Alter. This is shown in figure SB tor the reactions thai 
began with 2 ng male DNA and those with no DNA* 

Detection of specific allele* of the human 0-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening* a dttceuon 
of the' sjckle-ceil anemia mutation was performed* Figure 
4 shows the fluorescence from completed amplification* 
containing EtBr (0.5 p.gfml) a$ detected by photography 
of the reaction cubes on a UV transuluminator. These 
reactions were performed using pmaexR specific for ci- 
ther the wikJ-tvpe or sickk-cell mutation of the human 
P^iohin gene**. The spceirkity for each allele i$ imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extgn$jon-~and thus an> 
ptiftcatton — can take place only if the 5' nucleotide of the 
primer is complementary to the p-gjlobin aUde present 75 ^. 

Each pair of amplifications shown in Figure 4 consists of 
a reaction with etcher tbc wild-type alldc spednc (left 
tube) or sicklc-allele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type 0-globin individual (AA); from a heterozygous 
sickle ^glpbin individual (AS); and from a homozygous 
sickle p-giobfo individual'(SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed in triplicate (3 pairs 
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fl f reactions each). The DMA .type vas reflected in the 
Ljative fluorescence intensities in each pair of completed 
amplifications* There was a significant increase in fluores- 
ce* only where a p-globin allele DNA matched the 
printer When measured - on a spectrofltioroinctcr 
(datyi not shown), this fluorescence **as about three times 
jjrtt present in a PCR where both p-globm alkies were 
^bitiatchcd to the primer set. Gel electrophoresis (not 
phot""!) established that this increase in fltiorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^lobin* There was 
iitdc synthesis of dsDNA to reactions in. which the allele- 
pnedfic primer was mismatched to both alleles. 
' Continuous monitoring of a PGR* Using a fiber optic 
device? H is possible to direct excitation illumination from 
a spectrofl uorometer to a PCR undergoing thcrmocyding 
and to rctirrn its fluorescence to the KpectroftiiorotrJetCT. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-confcaintng amplification of Y-chromo» 
some spcci&c sequences from 25 ng of human mate DNA, 
is shown in Figure 5. The readout from a control PCR 
with no target DNA is also shown, Thirty cycles of PCR 
were monitored for each- 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence in ten - 
sdty rises and. fails inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (04°C) and maximum at tiicanneaUn ^extension 
temperature (50°C). In the negative-control PGR, these 
fluorescence maxima and minima do not change Signifi- 
cantly over the thirty tbersnocydes, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
tfic continuous illumination of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 second? of therroocycling, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
rescence minima at the denaturation temperature do not 
significantly increase* presumably because at this temper- 
ature there is no dsDN A for EtBr to bind- Thus the course 
of the amplification is followed by tracking the fluores-. 
cence increase at the atmcaling temperature. Analysis of 
the products of these two amplifications by gel ejeetropbo- 
ixws showed a. DNA fragment of the eicpcctcd siie for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance the specificity of DNA 
deceuuvit by PGR. "The cfcOTii»tx>ri of tfocac procewco. 
means that the specificity of this homogeneous assay 
depends solely on that of PCtL In the case of sickle-cell 
disease, we have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the- absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required* to do genetic screening, 
depcodmg on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample, A difficult target is HIV, which requires detection 
of a viral genome that can be a( the level of a few copies 
per thenuand* of host cells 6 . Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of the target sequence* HIV [detection requires 
both more specificity and the input of more K>taJ 
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_ UV photography of PCR tubes containing amptificatiojis 

using EtBr that are specific to wild-type (A) or liewte (S) alleles of 
the human pkglobtn gene. The left of each pfeir of tubes contains 
aBde^tpccffit primers to the wild-type alleles, the right tube 
pruacrs to the skWe attek. The photograph was tafcen after 30 
cycles of PCR^aud the input DNAs and- the alkies thev coatain 
are radicated- Wty ag of DNA was used to begin PGR. Typing 
was done in triplicate (3 pair* of PCRs) for each input DNA: 



25°C 



20r>g of mate DNA 



25 0 




94 C 



no DNA control 





r-| — i — r— 

0 2000 4000 6000 8000 
time (sec) 

fttfn& 5 Cojitinoous, rcaUhne monitoring of a PCR, Afibcr optk 
was used to carry- excitation light to a PUR m progress and also 
emHted light back to a Buoromcter (see Exj>entticntaJ Protocol). 
Amph'ficaaQn i»i0S human niale*DNA specific prixncrs'fn a PCR 
Starting with tO ng of human male DNA (top), or jn x control 
PCR without DNA (bottom), were monitored. Thiity cydes of 
PGR were followed for each. The temperature Cycled between 
94°C (denaturatxem) and 50°C (annealing and extension). Note in 
die male DNA PCR,. the cycle (time) dependent increase in 
fluorescence at the anneafin^cxtensi<m temperature. 
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DN A— up to microgram amounts— in order to have suf- 
ficient numbers of target sequences. This Iarg« amount of 
starting DNA m an amplification simifccaruly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occur? wtxh targets in tew 
copy-number b the formation of the '"primer-dimer" 
artifact This is the result of the extension of one primer 
using the other primer as a template, Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare, *f lie primer- 
dimcr product i$ of course dsDNA and thus is- a potential 
source of false signal in this homogeneous a*$ay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr amplification, we are investigating a num- 
ber of apjproacb.es, including the use of nested-primer 
amplification* that take place in a single tube 9 , and the 
^hot-start", in which nonspecific amplification » reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary resuks using these ap- 
proaches suggest that-priincr-dimcT is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* ceils. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this backgrouDd, it mzy 
be possible to use sequence-specific DNA~binding dyes 
that can be made to preferentially bind PCR product over 
genomk DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to . 
the oligonucleotide primer*' 1 . 

We have shown that the detection of fluorescence 
generated by an EtEr containing PCR is straightforward, 
both once PGR is completed and continuously during 
thcrmocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is already oossiblc with existing instru- 
mentation in 90-well format**. In this format, the fluores- 
cence in each PCR can be guantitated before, after, and 
even at selected points durmg tberraocyciinc by moving 
the rack of PCRs to a 9o-micrwc.1I plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during PCM a fluorescence increase is detected. Prelimi- 
nary experiments ^Higuchi and Dottinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — asf it can be in genetic screening— rcontinuous 
monitoring may provide a means of detecting false posi- 
tive and false ocgatrvc results. With a known number of 
urgct molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
resuks due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. Tliis marker results in a 
fluorescence increase only after a large number of cy- 
cles — many more' than are necessary to detect a true 
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positive. If a sample fails to haw a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important, in any event, before any test based on this 
principle is ready for the clinic, an assessment of it* fabe 
positive/false negative rates wfll need to be obtained using 
a large number of known samples. 

In summary, the inclusion m PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcci&c DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the High throughput of 
samples* 

EXPERIMENTAL PROTOCOL 

Human HLA-DQ« geae AmpHBeationa containing EtBr. 
PCRs were set up in 1 00 u4 volumes coninining 1 0 mM Tris-HCI, 
pH 8.3; 50 mM KC1; 4 mM MgC^: 2-5 units of too DNA 
polymerase (Perkm*E}mcr CetuA. Nonralk, CT); 20 piriolc each 
of human HtA-DQa * gene specific oligonucleotide primers 
(>H2B and CH27 W and approjcWtelj 1<F copies of DQfc PCR 
product diluted from a previous Veaciion. Ethtdium bromide 
(EtBr, SigntaJ was used at tbe concentrations indicated in' Figure 
2* Thennocyding proceeded for 20 cycles tn a model 480 
dicrmocycler (Perfcin-EJrner Ceou, Narwklk, CT) using a "stcp- 
cyclc* program of 94*C for 1 mm.dcnaturalion and 60Tr for io 
sec flnncalmg and 72*C for 30 sec. extensiOtt. 

Y-chromosomc specific PCR. PCRs (200 ul total reaction 
volume) containing t)^> ^cAnl EtBr were prepared as described 
for HLA-DQa r except wfth different primers and target DNAs. 
These PCRs contained I $ pmole each male DNA-*pcctfic primen 
VI. J and Vl.2*° and either 60 ng male, 60 ng female, 2 ng male, 
or no human 1>NA. Thcrmocyding was M*C For 1 min. and 
for 1. inin using a "stepeydc* program. The number of cycles far 
a sample were as indicated tn Figure 3. Fluorescence measure- 
ment is described below. 

Allek-apccific, human £-gloMn gro* PGR* AmpUncaiions of 
100 }l\ volume using 0-5 jtg/ml of J&tBr were pre^iircd 
described for HLA-DQa above except with different primer* and 
target DNAs. These PCRs contained ^iher primer pair HGP2' 
TiPHA<wfld j eype globinspeciu:cprimcts)or HGP2/iipHS (sick- 
ic-globin specific primers) at 10 pinole each primer per PCR. 
These primers were developed by Wu ct aL 21 . Three different 
tAtgzi DNAa ivere tacd u> 9cparate amplfficauon&~£0 ng eacb of 
human DNA that was homozygous for the sickle trait ($S)* DNA 
that was heteroryrom for the sickle iraK (AS)* or DNA that was 
homotygous for ute w.t- ^lobin (AA). ThermocycBiig WW For SO 
cyctes at 94"C for 1 mm. and S5*C for 1 min. iittttg n "step-cyefe* 
program. An annealing temperature of 55*^ hauhcen shown by 
Wo et al 21 w provide. allcJc-qjcrinc amplification. Completed 
PCRs were phertographed through a red fitter <Wratien 23A) 
after pladhg the reaction tubes Riop a model TM-36 trsnsiButfu- 
natnr (yV-products Sah'Gabriel, CA>. 

Fluot es cc Mc e tneasnrement. Tloorescence TOcasurenieriW were 
mad^ on PCRs containing EtBr in a Fluorolog-2 Buoromcter 
^P£X Edison, NJ). Excitation was at the &Q0 nm band with 
about 2 nm bandwidth with a GO 4$S nm cut-off filler jMcHcs 
Grist, inc.* Irvine. CA) to exclude second-order light. Emitted 
light was detected at 570 nm with a bandwidth of about 7 nm. An 
OG 530 nm cut-off" filter was used to remove the exenauofl light 

ContimtouA ftnorencence monitoring of PGR. Continuous 
monitoring of a PCR in progress was accomplished using daC 
fijpcctrafluo rometcr and settings descrcbod above as well as a 
noeroptie accessory (SPJ&X caL no. 1950) to both send excitation 
light to, and receive ernitfed tight frpm, a PCR placed in a well of 
a model 4£0 uiejwpcyder (Pcrkm-Elmer Cetus). The probe end 
of the Rberoptk cable was attached with "5 OOT utc-cpoxy* to tbe 
open top of a PCR tube (a 0.5 ml poiypropyienc centrifitgc tube 
with its cap removed) effectively Rcalicg it The exposeoTtop of 
the PCR tube and the end of the fiberoptic cable were shielded 
from room light and the room light* were kept dimmed durmg 
each run. The monitored PCR was sua ompWclutfn of Y-cb*o- 
mosome-spedne repeat scque&ees as described above, except 
usang.an annealing/extension temperature ofSO^C, The reactian 
was covered with o»ij>traJ oil (2 drops) to prevent evaporation. 
Tbcrmocyding and- fluorescence measurement were started & 
mult&ncousty, A time-base son. with a 10 second uitegradoo' time 
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wax uw*d and ihc embstOtt signal was ntiocd to' tbc excitation 
•ugoftl to control for chants i& light-tourec intensity. Data were 
^faceted using the draSWOf, version (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 ELISA 

Trauma, Shock and Sepsis 




The CD-14 molecuie is* expressed on the surface. of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for I ipopoly saccharide 
(LPS) complexed to LPS-8inding-Protein (IBP). The 
concentration of Its soluble form is altered under 
certain pathological conditions. There- is evidence for 
an important rote of $CD-14.with pofytrauma. sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum; -plasma, cell-culture 

supernatants mi other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/rni 
detection limit 1 ng/ml 
CV: intra- and interassay < $% 



For more information caU or fax 



GHSELLSCHAFT FUR IMMUNCHEMIE UND -BIOL0G1E MBH 

0STERSTRASSE 86 • D - 2000 HAMBURG 20 - GERMANY • TEL. +40/491 00 61-64 • FAX +40 /40 H 98 
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SIMULTANEOUS AMPLIFICATION AND DETECTION OF 
SPECIFIC DMA SEQUENCES 

Russell ffiguchi*, Gavin DoIliBg^r 1 , P* Sean Walsto and Robert Griffith 

Roche Molecular Systems, tat.. 1400 55rd St., Emeryville, CA 94608. »0»ron Corporation^ 1400 53rd St, Ewcryvrtte, CA 
94308, "Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of etfiidiutn bromide 
(EtBr) to a VCR* Since the fluorescence of 
BtBr increases in the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PGR* to cHu- 
ical dsagnoitks arc well known 2 * 5 , it is sutt not 
widely used in this setting, even though it is 
four year* etoco thermostable DNA poty" 1 * 1 "* 

ase* 4 made PCR practical. Some of the reasons for its slow 
acceptance are high cost, tack of automation of pre-* and 
post- PCR processing steps, and false positive results, from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR development. Most Current assays require 
some form of "downstream" processing once thermocy* 
ding is done in order ro determine whether the target 
DNA sequence was* present and has amplified, These 
include DNA hybrkfo^uon 5 * gel eJectrophore&t& with or 
without use of restriction digestion 7 ;*, HPLCr, or capillary 
These methods are labor-intense, have. 



e i0 



dectrophc 

low throughput, and are difficult to automate. The third 
point is abo ckxjcty related to downstream processing. 
The handling of the PCS. product in these downstream 
processes increases the chances that amplified DNA'.wift 
ipread through die typing tab, resulting in a .risk of 



carryover" false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated rf speerfic amplification and detection of amplified 
DNA took place simultaneously vtthm an unopened re- 
action vessel Assays m whkh such different processes take 
)lace without, the uced to separate reaction components 
iave been termed "homogeneous*. No truly homogc-. 
tieous PCR assay has been demonstrated to date, although 
progress towards this end has been reported.* Chehab, et 
al l * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Alldc-spedfic primers, each with different fluo- 
rescent tags, were used to indicate- the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et ai is f developed an assay in 
*hfc)i the endogenous 5 r exonudease assay of Taj DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcavc if PCR ampli- 
cation had produced its complementary sequence. In 
order to detect the ckav^ge products, however, a subse 
quent proccsjs w again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbc greatly 
creased fluorescence that ethidrura htcinide and other 
DNA binding dyes exhibit when they ate bound to.ds- 
DNA l4 ^ ie . As outlined in Figure 1, a prototype PCR 



[VCR cydfOl 



/ 



{«ppTWL 10 Jlfl) 



tbDNA comaioin^ 
(up u> \i% xnwTjmx) 



ssDi^A primco 




nCVU 1 Principle of simultaneous ampfifimrion and- detection of 
PCR producL The cojnpOacni& of a PCR containm^ EtRr chat are 
fluoresoent are liswd-iiBr itself, EtBr bound to other ssDN A or 
daDN A. There Ut « large uubrcscencc enhauauncut when EtBr is 
bound to DNA and rrmdiiig is greatly enhanced when DNA .is 
double-stranded. After sufficient <n)..cydcs of PGR* the.net 
inorea»e 'm dsGNA results in additional -£t£k binding, and «t net 
increase in total -nuatrcsccots: 
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WW* Gel electrophoresis of PCR amplification products of the 
human, mtdcar gene, HLA DQfit, made in the presence of 
mending amounts of EtBr (up to 8 H^tnl). The presence of 
EtBr has no obvious effect on the ykid or specificity of amplifi- 





FHHftf 3 (A) Fluorescence measurements fttHh PCRs that contain 
0.5 ngftnJ EtBr and that are specific for y<hrotno*>n>e repeat 
wmietice*. Five replicate PGR* were begun containing each ottbe 
DJJA* *P ecifi «d' At each Hidickcd cycle, one of the five replicate 
PCRs for each DNA -was removed from thermocyding and Hs 
fluorescence measured, Unit* of fluorescence are arbitrary. (B) 
UV photography of PCR tubes (0.5 ml Eppcndorf^tylc, polypro- 
pylene mSa^cemrifuReltubes) containing reactions, those statt> 
ing from 2 ng male DNA and control reactions without any DKA, 
from (A), 
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begins with primers that are single-stranded DNA (ss- 
DNA), clNTPs, and DNA polymerase^ An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amount* of DNA 1T to 
micrograms per VCR* 8 . If EtBr is present the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself* and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
dotfbk^hcfix). After the first denatutation cyde, target 
DNA will be largely single-stranded. After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several rnicrc$rams. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase m fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
ts much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smaJL The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplication vessel 
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bclbrc and after, or even conijnuously during, thermocy- 
RESULTS 

PCR in die presence of EtBr. In order to assess the 
affect of EtBr in PGR, arnpfifkations of the human HI.A 
DQct gene >9 were performed with the dye present at 
concentrations from 0,06 to 8.0 nVml (a typical cotice*. 
tration of EtBr used tn staining of nucteic acids following 
get electrophoresis is 0.5 u-g/mf). As shown in Figure 2, g§ 
electrophoresis revealed little or no differeoRCC in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicate 
iag that EtBr does not inhibit PCR. 

Detection of human Y-chroxnosorac specific ^ 
<roences- Sequence-specific, fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0.5 u-g^ml EtBr and primers 
specrtk to repeat DNA sequences found on the human 
Y-chromosomo 80 . These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng mafc human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21, 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermocyder t and its fluo- 
rescence measured in a spectrofmorotrieter and plotted 
vs, amplification cycle number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain* 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with — 60 ng versus ? ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that Utile DN A synthesis took place in the 
control samples. 

in addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transulurninatoT and photographing them through a red 
filter. This is shown in figure SB tor the reactions thai 
began whh 2 ng male DNA and those with no DNA. 

Detection of specific alick* of the human (J-globu) 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the' s^cWe-cdl anemia mutation was performed. Figure 
4 shows the fluorescence from completed axapMcatio** 

containing EtBr (O.S p.gfail) a« detected by photography 

of the reaction cubes on a UV traiisilluminaior. These 
reactions were performed using- primer* specific for ei- 
ther the. wild-type or sickle-ceil mutation of the human 
p-globin gene". The ^peciftdty for each allele h imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer exteiAsion — and thus an> 
pb'flcatron-^can take place only if the S' nucleotide of the 
primer is complementary to the $-gjk>bin alkHc present* 5 

Each pair Of amplications shown in Figure 4 consists of 
a reaction with either the wiM-typc allele specific (left 
tube) or sicklc-aUele specific (right tube) printers. Three 
different DNAs. were typed: DNA from a homozygous, 
wfld-typc p-giobin individual (AA); from a heterozygous 
sickle p-gipbtn individual (AS); and from a homozygous 
sickle f^globm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m tripHcate (3 pairs 
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( ,f pactions each). The DMA .type vas reflected in tbc ' 
relative fluoreseeuce intensities in each pair of completed 
flm plfcficatk>itt. There was a significant increase in fluores* 
pence only where a ^globin allele DMA matched the 
primer set. When, measured - on a spectroftaorotneter 
(data not shown), this fiuoresccacc was about three times 
jfott present in a PCR where both p-globm alleles were 
jjibitiAtchcd to the primer sec Gel electrophoresis (not 
jhowii) established tKat this increase in fluorescence was 
due w the synthesis of nearly a microgram of a DNA 
fragment of the expected size for fcglobin* There was 
fitdc synthesis of dsDNA in reactions in .which the afieie- 
specific primer was mismatched to both alleles. 

Conrirriious moxwtoriog of a PGR. Using a fiber optic 
device? H is possible to direct excitation illumination from 
,i spectrofluorometer to a PGR undergoing thcmiocycliog 
and to return its fluorescence to the spectroftuoromcter. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y*chroroo- 
jomc spcci6c sequences from 25 jig of human male DNA* 
Li shown in Figure 5. The readout from a control r*CR 
wiUi no target DNA is also shown. Thirty cycles of PCR 
were monitored for each, 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises* and tails mvcrscly with temperature The fluo- 
rescence intensity is minimum at the denaturalion tem- 
perature (94°C) and maximum at the anneaUng/exterLsion 
temperature (*>0°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty thcrraocyclc*, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is litde if any bleaching of EtBr during 
the continuous illumination Of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4G00 seconds" of therinocyding } and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturatbn temperature do not 
flifpuficandy increase* presumably because ai thh temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluores- 
cence increase at the aancaKti£ temperature. Analysis of 
ihc products of these two amplifications by gel electropho- 
nes showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
»ymhe*k for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance die specificity "of DNA 
detevuvu by PGR. The chxnu>Atkm of thcae processes- 
means that the specificity of this homogeneous assay 
depends solely on that of PCR. In the case of sickle-cell 
disease , we have shown that PGR alone has sufficient DNA 
sequence ipccificiLy to permit genetic screening. Using 
appropriate amplification conditions, there is little non* 
specific production of dsDNA in the absence of the 
appropriate target allele. 

H)c specificity required to detect pathogens can be 
more or less than that required" to do generic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA chat must be taken with the 
sample. A difficult target is HIV, which TcauiTcs detection 
of a vfcraJ genome that can be at the level of a few copies 
per thousands of host cells 6 . Compared with genetic 
screening, which is performed on cells containing at least 
one copy of die target sequence* HiV [detection requires 
both more specificity and the input of more total 
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UV photography of PCR tubes containing axrotWcatbiu 
using EtBr that art specific to wiWkypc (A) or siexk (S> alleles of 
the mrmnD p-globin gene. The left <tf each pair of tubes contains 
allele^tpcdfie primers to the wild-type alleles, the rijjKt tube 
pruacrs to the skfcte aftek. The photograph was taken after SO 
cycles of PGR,. and chc input DNAs and! the alleles they contain 
are indicated. Fifty ng of DNA was used to begin PGPL Typing 
was done in triplicate (3 pattt OF PCHs) for cadi input DNA 
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RttRK 5 Continuous* real-time monitoring of a PCR. A fiber optic 
was used to carry- excitation light to a r\JR m progress and also 
emitted iieht back to a fluoromcter (see Ex^entncntal Prttocol). 
AmpHficataon unag human malo-DNA specific primers fn a PCR. 
starting with 20 ng of human male DNA {too}, or in a control 
PCR wthout DNA (bottom), were monitored. Thirty cyd« of 
PCR vcre fallowed for each. The temperature cycled between 
94*C (deaaturatiocn) and 50*C (annealing and extcr^on). Note in 
the male DNA. PCR,. the cyde (time} deptaaJcot mneasc in 
fluorescence at the aorteaHftg/exteDsion tewpetature. 
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DNA-^Hip to microgram amounts—in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA m an amplication signitonay increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs wkh targets irx tow 
copy-number is the formation of the ^rimer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer « a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete with 
true PCR targets if those targets are rare, *f "he primer- 
dimer product is of course dsDNA and thu s is a potential 
source of false signal in this homogeneous a*$ay, 

To increase PGR specificity ana reduce the effect of 
primer*dixncT amplification, we are investigating a nunv 
ber of approaches, including the use of nested-primer 
amplification* that take place in a single tube 8 , and the 
"hot-start'*, in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 24 . Preliminary resuhs using these ap- 
proaches suggest tbatprraicrniiTOcr is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PCR instigated by a. -single HIV genome in a 
background of 10 5 celts. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA*binding dyes 
that can be mafic to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' ^add-on" to 
the oligonucleotide primer* 4 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
tl^ermocycKng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
protnidng aspect of this assay. The fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96 -well format**. In this format* the fluores- 
cence in each PCR can be <juantitated before, after, and 
even at selected points during therraocyciing by moving 
the rack of PCRs to a 96-rmerowcn plate fluorescence 
reader^ 0 . 

The instrumentation accessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs* The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
Hnrir»0 Pf^R a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely if the number of target molecules is 
known — as it can be in genetic screening-rcontinuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
urgct molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
resuks due to, for example,. inhibidon of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than arc necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
tn this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important, in any event before any test based on this 
principle is ready for the chnte, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DMA amplification from outside 
the PGR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples* 

EXPERIMENTAL PROTOCOL 

Human HLA-DQn gen* *mpti5cadoaa containing £t&. 
PCRs were set up inlOO \>X volumes containing 10 roM Tris-HCK 
pH 8.3; 50 mM KC1; 4 mM MgC^: t£ units of fag DNA 
pof yiucrasc (Pterkin»E)mcr Cctua, Norwalk* CT); 20 pinole each 
of human HlA-DQa ' gene specific oliEonudeoaoe primers 
(Hi$6 and CH27 19 and. approximately 10* copies of DQ& PCfc 
product diluted from a previous reaction. Euiidium bromide 
(El Br; Sigtrci} was used fit the concentration* indicated in "Figure 
2. Thermocyding proceeded for 20 cycles in a model 480 
thennocyder (Per kin-El iner Coco*, Norwalk, CT) using A "stcp- 
cyclc" program of for 1 snsn..denatura(ion and 60T* far 50 
sec dnaCaUng and 72°C for 30 xc extension. 

Y-chromrarmc specific PCR* PCRs (J 00 ul total reaction 
volume) containing v£ pc/tnl EtBr were prepared as described 
for HLA-DQcr, except with different printers and target DNAs. 
These PCRs contWincd J 5 pmolc each male DNA*»pccific prime** 
YI. 1 and Vl.2 M , and either 60 ng male, 00 eg fenwle, 2t ng male, 
ot do human DNA. Thennocjrclitig wasWCTor 1 min- and 60?C 
for 1 min using a "rtcp<ycle* program. The number of cycles for 
a sample were as indicated in Flgui e 3. Fluorescence measure- 
ment' is described below. 

AHcte-apccific, human fs*gtofciu $cwt PGR* AmpUncauons of 
100 fil volume v&ng 05 jtg/ml of £tBr were prepared a* 
described nor HLA-DQa above except with different pruncrs 2nd 
target DNAs. These PCRs contained either, primer pair HGF£/ 
H£14A <wBd-type g)ob«nspeciac primers) or HGF2/lifU4$ (skX- 
lc-globin specific primers) at 10 pmole each primer per PCR, 
These primers were developed by Wu ct aL 2 \ Three different 
tAtge* DNA* were used u> separate amplificatk>n&-^60 ng each of 
human DNA that was homozygous for the sickle trait ($S)» DMA 
that was heterozygous for the sickle uatt <A$X or DNA that was 
homozygous For the W,t. globin (AA). Thcrmocycfiug was for SO 
cycles at 94*C for 1 min, and 55*C tor 1 min. itsmg n "jaep-cycUf'' 
program. An anne&Hng temperature of $5*0 bail nccn .shown by 
Wu et al. 2J to provide, alldc^pceific awplitotion. Completed 
PCRs were phertographed through a red filter (Wratien 23 A) 
after placing the reaction tubes atop a model TM*S6 trs*nfliHiimi- 
nator (UV- products 5ah' Gabriel, CA). 

Fhiomccnee measnremEnt. Flnorc*cet>ce measurements were 
made oh PCRs containing EtBr in a Fluorolog-2 fluoromctcr 
(SPEX« Edisvn, NJ). ^xdwtion was at the 500 mn band with 
■Al»ut 2 nm bandwidth with n GG 435 nm cut-off ftlterjMclles 
Grist Inc.* Irvine. CA) to exclude second-order light. Emitted 
tight was detected at 570 nm with a baudwfdd) of about 7 nm. An 
OG 530 »m cut-off filter was used to remove the c^atatitoa b^t 

Contitatouft ftnoreseence m pu i toring of- PCR, Cooutiuous 
monitoring ot a PCR in progress was accomplished using the 
spectrofluoromeicr and setdnga descrrbod abgvc as well as a 
fiberoptic accessory (SPEX cat no. 1950) 10 both send excitation 
light to, and receive emitted light' from, a PCR placed in a well of 
a model 480 ihermocydcr (Pcrlun-ElnMr Cetus). The probe end 
of the fiberoptic cable was attached yr'nlx "5 mm trtc-cpoxy , ' to the 
open top of a'FCK uibe (a 0.5 ml polypropylene ceiitrifiwc tube 
with its cap removed) effectively scahog h- The cxposecTtop 
ih? PCR tube and the cud of the fiberoptic cabte were shielded 
rrom room light and the room Ughts were kept dimmed during 
- each mn. The monitored PCR was an amplification of Vk^to* 
rno$9me-6pednc repeat sequences as described above, except 
using-.an annc^ngfettension cemperfiuirc of The reaction 
was covered with xaiitttfd oil (2 drops) to preveitt evaporation- 
Themocycfiny and' fluorescence measurement were started si- 
multaneously, A time-base sc*n witn a 10 second mutgr&ootf rhnc 
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was U5ed and the emb&ion signal was ratiocd to" the excitation 
fligrtitl to control Fee ch»t>fte* ift Jight-KHirec intensity. Oat* .were 
fleeted using the droSOOOf, version $,5 CSPEX) data system. 

Wc (fori Bob Jones for help with che spectrofluormwc 
^A1U^elnct^tSftndHca^iIc^be!lFonJyfo^cdrting^hii manuscript 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD- 14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopoly^ocharicJe 
(LPS) complexed to LPS-8inding-Protein (LBP). The 
concentration of Jts soluble form is aftered under 
certain pathological conditions. There- is ev/idence for 
an important rote of $CD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections il seems 
to be a prognostic marker and is therefore of value in 
rnonttoring these patients. 



IBL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -piasnna, cell-culture 

superoatants and other biological fluids. 

Assay features; 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour inoubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



for more information call or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Ciusti, and Karin Deetz 

Perkin-EImer, Applied Biosystems Division, Foster City, California 94404 




The S' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' ->3' nude- 
olytlc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3~end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides wfth reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



^^homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (1) 
The assay exploits the 5'->3' nucle- 
oiytic activity of Taq DNA poly- 
merase^ and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET).< 4 ' 5) During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. (<0 Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6<arboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphaiink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-EImer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeied phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phaiink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of the 5' - 3' micleolytic ac- 
tivity of Taq DNA polymerase acting on a fluorogenic probe during one extension phase of PCR. 



mM Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C e 220x4.6- 
mm column with 7-fun particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMKA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
In the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-uJ reactions that con- 
tained 10 mM Tris-HCl (pH 8.3), 50 mM 
KC1, 200 u-M dATP, 200 um dCTP, 200 u* 
dGTP, 400 jlm dUTP, 0.5 unit of AmpEr- 
ase uracU N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human (1-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajlma-H|ima et al.) (7> was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. (B) Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 sec) f 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Srhal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl* 1 ng of plasmid DNA, 50 nM P2 or 
PS probe, 200 nM primer F119, and 200 
nM primer R119: The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95*C (20 sec), 57°C (I min), and 
hold at 72°C. 



Fluorescence Detection 

For each amplification reaction, a 40-uJ 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
liter plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nrn excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q. value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 


Type 


F119 


primer 


R119 


primer 


P2 


probe 


P2C 


complement 


P5 


probe 


P5C 


complement 


AFP 


primer 


ARP 


primer 


Al 


probe 


A1C 


complement 


A3 


probe 


A3C 


complement 



Sequence 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTCTGC 
TCGCATTACl GATCGTTGCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 
CGGA'lTTGCIGGTATCTATGACAAGGATp 
TTCATCCTTGTCATAGATACCAGCAAATCCG 
TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
AIGCCCTCCCCCATGCCATCCTGCGTp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCTGGACTTCGAGCAAGAGATp 
CCATCfCTTGCTCGAAGTCCAGG GCGAC 

For each oligonucleotide used in this study, the nucleic acid sequence is given, written iin the . 
5' - 3' directton. There are three types of oligonucleotides: PCR primer, fluorogenic P«*«*J 
in the 5' nuclease assay, and complement used to hybridize to the corresponding probe. For trie „, 

indicates a position where IAN with TAMRA attached was subsn- 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 RaQgccctcccccaoxxcatcctgcgtp 

A1-7 RATGCCCQCCCCCATGCCATCCTGCG^p 

A1 -1 4 RatgccctcctccaQgccatcctgcgtp 

AM 9 RATGCOrrCCCGCATGCCAC^XTGCGTp 

A1 -22 RATGCCCTCCCCCATGCCATCCQGOGTp 

A1-26 RATOCCCTCtXCCATGCCATCCTGCGQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no temp. 


+ temp. 








A1-2 


25.5 ±2.1 


32.711.9 


3B.2 + 3.Q 


38.2 ±2.0 


037 + 0.01 


0.86 ±0.06 


0.1910.06 


A1-7 


S3.5 + 4.3 


395.1 ±21.4 


108.5 ±6.3 


110.3 + 5.3 


0.49 + 0.03 


3.5810.17 


3.09 ±0.1 8 


A1-14 


127.D14.9 


403.5 ±19.1 


109.7 ±5.3 


93.1+6.3 


1.16 ±0.02 


4.34 ±0.15 


3.1810.15 


A1-19 


187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


267 ±0.05 


5.8010.15 


3.13 + 0.16 


A1-22 


224.6 ±94 


482.2 ±43.6 


100.0 ±4.0 


96.2 + 9.6 


225 ±0.03 


5.02 ±0.11 


2.77 ±0.12 


A1-26 


160.2 ±8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±32 


1.72 ±0.02 


5.01+0.08 


3.2910.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PGR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average ±1 s.d. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the fi-actin gene containing the target 
sequence. Performance In the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to 2ero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am* 
plification resulting in a similar increase 
in reporter fluorescence, it should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncieaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide- The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficientiy the 



ft" 



m 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminai Nucleotide 



518 nm 



582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ+ 


ARQ 


A3-6 
A3-24 


54.6 ± 3.2 
. 72.1 ± 2.9 


84.8 ± 3.7 
236,5 ± 11.1 


116.2 ± 6.4 
84.2 i 4.0 


115.6 ± 2.5 
90.2 ± 3.8 


0.47 ± 0.02 
0.86 ± 0.02 


0.73 ± 0,03 
2.62 ±0.05 


0.26 ± 0.04 
1.76 ±0.05 


P2-7 
P2-27 


82.8 ± 4.4 
113.4 ±6.6 


384.0 ±34.1 
555.4 ± 14.1 


105.1 ± 6.4 
140.7 ± 8.5 


120.4 ± 10.2 
1187 ± 4.8 


0.79 ± 0.02 
0.81 ± 0.01 


3.19 + 0.16 
4.68 ± 0.10 


2.40 ± 0.16 
3.88 ± 0.10 


PS-10 
P5-28 


77.5 ± 6.5 
64.0 ± S.2 


244.4 ± 15.9 
333.6 ±12.1 


86.7 ± 4.3 
100.6 ± 6.1 


95.8 ± 6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± 0.02 


2.55 ± 0.06 
3,53 ± 0.12 


1.66 ± 0.08 
2.89 ± 0.13 



|; Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 "*" effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2+ concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al -2 or Al-7), the RQ value at 
0 mM Mg 2 * is only slightly higher than 
RQ at 10 mM Mg 2 *, For probes Al-19, 
Al-22 f and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * 1 " followed by 
a gradual decline as the Mg 2+ concen- 
tration increases to 10 dim. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2+ present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2+ ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5 r 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 run. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- I 
cence, both before and after cleavage of 
the probe, need to be explored further. ] 
Regardless of the physical mecha- /j 
nism, the relative independence of posi- J 
tion and quenching greatly simplifies | 
the design of probes for the 5' nuclease | 
PCR assay. There are three main factors | 
that determine the performance of a 1 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is | 
the degree of quenching observed in the 'A 
intact probe. This is characterized by the £ 
value of RQ", which is the ratio of re- f 
porter to quencher fluorescent emis- | 
sions for a no template control PCR. In- J 
fluences on the value of RQ" include | 
the particular reporter and quencher ! 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 582 nm RQ 



Probe 


ss 


ds 


ss 


ds 


ss 


ds 


Al-7 


27.75 


68.53 


61.08 


138.18 


0.45 


0.50 


Al-26 


43.31 ' 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


16S.57 


0.43 


0,38 


A3-24 


30.05 


578.64 


67.72 


140.25 


0.45 


3.21 


92,7 


35.02 


70.13 


54.63 


121.09 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


P5-10 


27.34 


144.85 


61.95 


165.54 


0.44 


0.87 


P5-28 


33.65 


462.29 


72.39 


104.61 


0.46 


4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of 50 nw indicated probe, 10 mM Tris-HCl (pH 8.3), 50 mM KC1, and 10 mM MgCi 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27, or 100 nM 
P5C for probes PS-10 and P5-28. Before the addition of MgOj, 120 \d of each sample was heated 
at 95*C for 5 min. Following the addition of SO pJ of 25 mM MgCl 2 , each sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 
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FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 am was measured for solutions containing 50 dm probe, 10 mM 
Trls-Hd <pH 8.3), 50 mM KCl, and varying amounts (0-10 itim) of Mgd 2 . The calculated RQ 
ratios (S1H nm intensity divided by 582 nm intensity) are plotted vs. MgCl 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T ml presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe. (1) 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ" values 
is less clear-cut The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3* 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. w This 
disruptive effect would be minimized by 
placing the quencher at the 3 ' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplihed products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et a!. (1> demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF508 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. <10) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PCR method. The method meacures PCR prodnn 
accumulation Through a dual-labeled fluorogenlc probe (Lc., TaqMan Prob*). This method provides very 
accurate and reproducible quantitation of &enc copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting- In much faster and higher Throughput assays. The real-Urn* PCR method has a very large dynamic 
range of starting targer molecule determination (at least five orders of magnitude). Real-time auantiiatlvc 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had an important role in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has bw.ii used extensively In monitoring 
biological responses to various stimuli (Tan el al. 
1994; Huang el al. 1995a, b; I'fud'homme et al. 
1995).- Quaniiiatlvc gent* analysis (DNA) has 

ix-cn used to cfol ermine the genouu* quantity of ;» 
particular gene, as in the case or the human HJLR2 
gene, which is amplified in -30% of breast tu- 
mors (Slarnon et al. 1987). Cienc and genome* 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(J1JV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; J'latak et al. jvvwto; 
Kurtado et al, 1995)- 

Many methods have been described for the. 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern Sharp et 

al. 1980; Thomas 19KO). Recently, PCR has 
proven to bp a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This lias made pos- 
sible many experiments that could not hnvo. been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



thai U be toetl properly for quantitation (K»uy. 
maskers 1995). Many early rejxirts of quantita- 
tive PCK and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity. II is essentia] to design 
proper controls for the quantitation of the initial 
target sequences (Perrc 1992; Clcmc-ml et al. 
100?.) 

Kevft&rchcis have, developed several methods 
of quantitative PCR and HT-l'CR. One approach 
measures PCR product quantity in the Uig phase 
of the read Ion before, the plateau (Kellogg el al. 
1990; Pang ct a). 1990). This method requires 
that each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
amplifies with idcnt U.al efficiency up to (he. point 
of quantitative analysis. A gene, sequence (con- 
tained in wl I samples at relatively constant quan- 
tities, such a.s p-aetln) can be used for sampta 
amplification efficiency normalization. Using 
conventional mttthods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assujc 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC)"1*CK, has been developed 
and Is used widely for PCR quantitation. QC-PCR 
relies OJi 1 he inclusion of an internal control 
.competitor in each reaction (Bocker-Andrc 1991; 
Platak ct ol. 1993a,b). The efficiency of each re. 
action is nomtalhxd to the ihlcrnol competitor. 
a innwn amount of IntfcmaJ competitor on be 
aowM 7nc« no/ wj rc:*t 7n n7/cn/7T 
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addod to each sample. To obtain re] alive n^a ro- 
tation, the unknown target PCR product is com- 
pared with the known competitor l*CK product. 
Success of a quantitative competitive I'CU assay 
relies on developing an Internal control lltcal am- 
jilifnts with the same efficiency as the tuiget mol- 
cculc. TJlC design of the coiupetitot and the va)l- 
aation of amplification cfficieiieies icquirc a 
dedicated effort. However, because QC-K:k does 
i lot require that PCJR puxtucls be anidyzed during 
the io$ phttM.' of I lie. amplification, it 5s tint easier 
vf the i wo methods to use. 

Several detection system* me used for quan 
illative l'CK and RT-PCU analysis; (1) agimtfo 
gels, (2) -fluorescent labeling of KIR product.? and 
detection with I n.iirr- induced fluoreaccncc ualn£ 
capillary electrophoresis (ftisco el ai. 1995; Wil- 
liams ei ah 1996) or acrylaiuide gels, and (3) n_lale 
capture and sandwich probe hybridisation (Mul- 
der «i ah 1994). Although these methods pmvrd 
successful, each method requires posl-)*CR ma- 
nipulations That add rlmt! to the analysis it ml 
may lead to htbuMitoty i oiilnn'Miiation. The 
sample throughput of they? method* \s limited 
(wiUi the fxecption of the plate capture ap- 
proach), nnd, thitrufnre, these methods, ore not 
well >uilrd fui use* demanding liigli sample 
throughput (I.e., .screening of large numbers of 

1 j{oijtwl«n*ulcr:t ui aiiiily/.ln^ Samples fwj diagnitt- 
lie* or clinical trials), 

I lore we report the development of a novel 
ii.vsay for quantitative DNA analysis, The assay is 
based on th* us«s of ih« 5' ' nucleasv assay first 
described by Holland et ai. (1993), The method 
uses ihe 5' nucleate activity of i\uf polymerase to 
cleave a noncxtcndlblc hybridization probe dur- 
ing tor extension phasr of 1'GK The npprouch 
uses dual-labeled fluorogenic hybrid I motion 
probes (Lec el a). 1993; Mossier ct ah 1993; Lived* 
et nl, J995o,b). One fluorescent dyv servv.3 tts a 
reporter (FAM (i.e., 6-cnrbpxy fluorescein)! find its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.e.., o^carboxy-tetramcthyl- 
rhodamtnc). The nuclease degradation of the hy- 
bt1dl/aitU)u pruht* releases the quenching of Die 
I 'AM fluorescent emission, resulting jn an In- 
crease hi peak fluorescent emission at 53(* run. 
The use of <i sequence detector (AUi Prism) allows 
measurement of fluorescum spectra of all 96 wells 
uf rhe i normal cycler continuously during the 
1*CK amplification. Therefore, the reactions ujs 
nionttorvd in real time* The output data is de- 
scribed and quantitative umdysb of input urgci 
I )NA sequences ls discussed betow. 
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RESULTS 

PCR Product Derecrlon in R«aJ Time 

The goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated tharapeuric 
gene delivery. A plasmld encoding human factor 
VIII gene sequence, pF8TM (sec Methods). w;is 
used as a model therapeutic gene. The assay usr<t 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
lime (AM Prism 7700 Sequence neteclor). Hie 
Taqmati reaction requires a hybridisation jirnhr 
lal>cled wit I j two different flu orescent dyes. One 
dye Is a reporter dy« (l'AM), the other is X quench- 
ing dye (TAMRA). When the pruln: Is intact, fluo- 
i cat en I energy transfer occurs and the reporter 
dye fluorescent emission is pbsorbed by the 
quenching dye (TAMRA). During Die extension 
pha.se of the l'CR cycle, t ha .fluorescent hybrid- 
iK^llon probe U cleaved by the 5'-.T nucleolytic 
activity of thr DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no lunger 
transferred efficiently fco the u wenching dye, re 
su J tii ift In an increase of the report or dyu fluores- 
cent eiiiia.il on apeetro. PCR primers and probuN 
were deaigned fc*i I he human factor VI 1J se- 
quence and human p-actln gene, (as described in 
Methods). Opiimizniion reactions were per- 
formed 'to choose the appropriate probe und 
• magnesium conccnuations yielding the highest 
lnt«n.iily "of reporicr fluorescent signal without 
sacrificing specificity. The Inst rumen! ur.es a 
charge-coupled device (i.e., CCD camera) for 
measuring the fluorescent a ni avion ypeetni from 
. r i00 to r,S0 niti. ivach VCAX lube wns monitored 
sequentially for 25 tiwwc with continuous moni- 
toring throughout the umplificiviitMi. Uach lube 
was rr.-cxandncd every H.S see. Computer sofi- 
ware. was dc»i^ned to examine the fluorescent In- 
tensity of both the reporter dye (MM). and 
the quenching dye (TAMRA). The M««re.sccrtt 
intensity of the quenching dye, TArviilA, changes 
very Utile, over the course oi the PCR ampllfl* 
cation (data not shown)'. Therefore, the intensity 
of TAM11A dye emission serves as an Internal 
.iland&rd with, which to normullxo the reporter 
dye (FAM) cmls&loh variations, Tl>e .software cal- 
culates it vcthic termed AKn (or ARQ) usinj; the. 
following equation: ARn - (Iln J ) (Rn"), where 
lln 4 ufnlswiun intcjisity of reporter/emission In- 
tensity of quencher at any given tunc in a reae 
tion tube, and Ru remission intensitity of re- 
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poncr/CtnlssiOI) Imvmity uf quencher in ensured 
prior lo l'CK iinipHlicalion in Hint same reaction 
lube, l-'or the purpose of quantitation, the Usi 
three data points (ARns) cntlccteil during rhe ex- 
tension step for each l'CK cycle were analyzed. 
The mideolylic degradation of the. Jiyumljfeiiiojv 
probe occur* during the extension phase or I'tat, 
and, therefore, reporter fluorescent cniiaMun in- 
creases during this time. l n»c tlueu data polnta 
were averaged for each KJk cycle and the mewn 
value for each was plotted in an "amplification 
plot" shown in Wflurc 1 A. The AKn mean vahu' ia 
plowed on the )*axis, and time, represented liy 
cycle number, is plotted on thvA-axis. During the 
early cycUw of the VCtt amplification, the ARn 



vaJuc remains at base line When sufficient hy- 
bridization probe has been cleaved by the T/n; 
!X>lymcrasc nuflftAfit activity, the intensity of re- 
porter fluorescent emission lucree**^. Most 1>CR 
ainpUn^tions reach u plateau phone of reporter 
fJuurcwcm emission if the rotuliun Is carried out 
to high cycle uuiulwis. The amplification plot J if 
examined vuily in th* reaction, at a point thai 
icpscsonts ilie lofl phase of product armmula* 
tkm. This Js done by uuignlng an aibiUary 
threshold thai is based on the variability of the 
tow-line dyu- In Vlgujn 1 A, the threshold whs set 
at 10 standard deviation*; above the menu of 
haw Unci endsvum calculated from ciydca 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time. {A) The Model 7700 software will construct amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined irom the data points collected from Ihft base line of the amplification ploL C, values are 
calculated by determining the poini at which the fluorescence exceeds a threshold limit (usually 10 times the 
standard deviation of the base line). (B) Overlay ot amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with S^ctin primers. (Q Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crofcseo thethretfholcTivcta 
fined as C r G r is reported a* the cycle number at 
tills point. As will be demon st rut i«l, the CI, .value 
1st pi edict! ve of die quantity of input tnrge.t. 

Cj- Values Provide a Quantitative Meaaiurcmcnr* of 
Input Target Sequences 

Figure 1R shows amplification pled* of lifChTfcv. 
ent PGR amplifications overlaid. # l*hc amplify- 
tionfi wore performed on a 1:2 serial dilution <uR 
human genomic JWA. 'J"hc amplified targcf wa*. 
human p actin. The amplification plot* Khifl tt> 
the right (to higher threshold cycles) n* the input 
target quantity is reduced. 'Jhis is expected ho- 
cuum rimcttoms with fewer starting mpitw of the 
largci molecule require, greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10'stan* 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
C T value* plotted versus the sample dilution 
value, Each dilution was amplified 'in triplicate 
Pc:r amplifications and plotted as mean values 
with error ban representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity, Thus, c; r valuta can be used 
as a qunntitHtive measurement of the input target 
number. It should be noted that tlie amplifica- 
tion plot for the ]5.6*ng sample shown in Hgurc 
IB does not reflect the some fluorescent rate of 
increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves- ttndpolnt pla- 
teau at a lower fluorescent vaJue than would he 
expected based on the input UNA. This phcnoui. 
cnon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated value as 
demonstrated by the fll on Ihe line shown in 
Figure: 1C. All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a >100,00Q-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescein emission intensity for 
quantitation. The linear range. ol fluorescent in- 
tensity measurement of i he. AIM Prism 7700 Sc- 

anuni 
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rmnits over n very large r^nj»i« of rMailvr* start h 
largot quantities. 

Sample Preparation Validation 

Several parameters influence the enMeleory 
PCM amplification: magnesium and salt concc 
nations, reaction conditions (j,e„ time and te.i 
peruture), PCK target size and compositio 
primer sequences, and sample purity. Al) of t 
above factors are. common to a single PCR ass; 
except sample lo sample purity, in an effort 
validate the. method of sample preparation J 
theiaelor Vill assay, PCR amplification reprcith 
ihility and oiflciency oi 10 replicate samr 
prt»|iaratiom were, examined. After genomic Or- 
was prepared from the 10 replicate samples, I 
DNA wtw quaiHIialcd by ultraviolet spcciroscoj; 
Amplifications were performed analyzing p-aci 
Xcnc content in 100 and 25 iir of total xenon 
UNA. Each I'CH amplification was performed 
triplicate. Comparison of C r values for each tri 
lieate sample show minimal variation based < 
standard deviation and coefficient of varum 
('i able I). Therefore, each ol the triplicate PC 
amplifications was highly reproducible, demo 
strailng that real time PCK using this tnstrumc 
UiUon Introduces minimal variation Into tl 
quantitative. PCR analysis. Comparison of tl 
mean C n values of the 10 replicate sample prep 
rations aUu showed minimal variability, indiea 
ing that each sample preparation yielded simii 
results for p-actln gene quantity, The highest ( 
difference between any of rtie samples was O.i 
and 0.71 for the 100 and 25 ng samples, respe 
lively. Additionally, the amplification of eac 
sample exhibited an equivalent rate of fluore 
cent emission intensity change per amount < 
DNA target analyzed ns indicated by simile 
slopes derived from (he sample dilutions (Pig. 2 
Any sample containing an excess of a PCX inhib. 
lor would exhibit a greater measured g-actln C; 
value for a given quantity of UNA. in addition 
the Inhibitor would be diluted along with tb 
.sample in the dilution analysis (Fig. Z), aiterin; 
the expected C r value change. F.ach sample am 
pllfiCBt ion yielded a similar result in the analysis 
demonstrating that this method of .sample prepa- 
ration Is highly reproducible with regard tc 
sample purity. 

Ouantiudve Analysis of a Piasmid After 

?ncR no/ fl^R wj «c:f»T 7nn7/cn/7T 
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Tablo 1. Reproducibility of Sample Preparation Method 



1 

2 
3 



10 



Mean 



100 ng 



Samplo 

no. C T 



standard 
m£&n deviation 



CV 



18.24 

18.23 

10.33 

18.33 

18.35 

1ft. 4 4 

IS. 3 

18.3 

1S.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 

18.67 

19 

18.2B 

18.36 

18-52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.42. 
18.57 
1 B.66 

(1 10) 



1«.27 



18.39 



18.55 
18.12 



0.06 
0.06 



18.34 0.07 



18.23 0.08 



1U.42 0.04 



18.7-1 0.24 



0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0,32 

03? 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.55 

0.65 
O.S>0 



25 ng 



standard 
mean deviation 



20.48 

20.55 

20.5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21,09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



20.51 



70.54 



20.43 



20.73 



20.68 



20.51 

20.73 
20.66 



0.03 
0.11 



20.54 0.06 



0.05 



0.13 



21.06 0.03 



0.04 



20.86 0.12 



0.07 

0.1 

0,19 



cv 

0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.46 
0.P4 



tor containing a partial cDNA for human factor 
VI H, p»-*8TM. a scries of trc» infections was sol 
up using a decreasing amount of ihc plasmid*(40, 
A, ().5, and 0.1 jxg). Vwr.niy-IYjur hours posi- 
tron alert ion, total DMA waj purified from each 
flask uf irlh. p-Aeliu gene ijuajjllly wa* chosen 
a value Tor normdli/^lii *n or ^ciiuifiif. DNA con* 
ccnrraUoii frum eaeh sample. In this cxpeiiweni, 
(3-actin gene content should rem ain constant 
relative to roral ^cjioinie UNA. Figure 3 shows the 
result of the p-actln DNA measurement (100 jig 
total DNA determined by ultraviolet spectros* 
copy) of each iiiij/plc- Kach sample was analysed 
hi triplicate and the mean |i-actin C,. values of 
the triplicates were plotted (error bars represent 

^.»™ r^-»»f.inrri riwiaiinni "1 h*» hlflh#*KT iliffrrrncr 



between any iw<j sample* moms was 0.«»S C n Ten 
nanograms of total UNA uf «ach sample were aUo 
examined for iVaciln. The results u^uin <Ju>wed 
that very similar amounts of genomic 1>NA were 
present; the. maximum mean |i set in C;, value 
difference wa.s 1.0. te figure 3 shows, the r;»le of 
P-actln C r change IxrLween the 100 and 10-ng 
sujnjjle* was si ml tor (slope values r;ing« butwoen 
3.56 anU -3,45). Thin verifies again th«t the 
method of .sample preparation yields sainpUvs of 
identical PCR integrity (i.e-, no sample contained 
tin excessive amount uf h VCR inhibitor). TTow* 
ever, these results Indicate that cneh sample con 
talncd slight ditti-ieiices in the actual amount of 
genomic DMA analyzed. Determination of actual 
uenujjiic I)NA v. onccnt ration wos accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Table 1 wore ateo amplified in 
triptcate Rising 25 ng of each DNA sample. The fig* 
ui * show* die input DNA concentration (1 00 And 
25 ncj) vs. C, In ih#* tirjurp. ihp ion nnri ?S ng 
points for each sample are connected by a line. 



by pi oiling the mean fi-rictin O, value obtained 
for uatih 100* Ilg stunpta vim a p-aclin standard 
ixiive (shown In fig* 40). The oclual genomic 
DNA concent rati"" »f each suniph*., u t was ob 
taliped by extrapolation to tliu**axis. 

Figure 4 A shows the measured (t.tt. r man- 
HO fin all Tied) quantities of factor VI) J pin sin ui 
DNA (pJ>8nvt) from each of the four transient cell 
lrii"3tfcclion&. Each reaction contained J00 rtff of 
total sample: DNA (as detent lined by UV spectros- 
copy)- ] ; ,acb sample w;is ui ial yzed in tri pi Urate 
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2&-1 



96 



21 



20 



V 27.73 j <M0rll.1 
y»;0L7f *-9.68x**1 



0.8 




M U> 1.8 
log (r>g Input DNA) 

Figure 5 Analyib of tidrtsfectcd cdl DNA quantity 
and purity. I lit: DNA preparations* of uV* lour 293 
cell transfections (40, 4, 0.5, and 0,1 >xg of pF8TM) 
were analy7ed for the (5-actln gene. TOO and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfected, the (i-aciln 
C T values are plotted versus the tolal input DNA 
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! > t.U amplifications. As shown, pl : 8TM ptirificc 
>f«iic Jhc 293 cells decreases (mean C, values in 
VTiKirtAj with decreasing amounts of plaxmW 
lirumi'i'u.tccL The mean C A values obtained fo 
pWTM in Tlgure 4A were plotted on a slandun 
curve comprised uf seilijlly diluted pKHTM 
shown .in figure 4R. The quantity oJ pl-KTM, /. 
found in each of the four iranKfcctloni; was d<j 
tcrmined by extrapolation to the * axis of th 
standard curve In l>igurc 411. Thusc uncorrectc< 
values, b t for pVHTM were norma H^id to deici 
mine Uic actual amount of pJ'8'lM found per 10< 
n K of genomic DNA by using ihc equation:. 

jy X 10 O ng _ octual pI-fTITwf copies per 
f j r 100 jig of genomic DNA 

where a •- actual ^ciiomit; DNA in u .sample an< 
pl : HTM copies from the standard curve. Th< 
normalised quantity of pl'8'i'M per 100 ng of gc 
nomic DNA for each of ihc four tranfifecilon.s I. 
xno wn in Hgti re 4 J ) . Ml i cm: ro u U .% a how m a i i In 
qunntity of factor Vlll plasixild i^socJated win 
the 2.9:* cells, 21 hr after tniiusfve.Uuii, Juliimsu. 
with dccreushiK pJuttioii) ^Miuntuiatiou u.sed h 
the 1 ra infection. The quantity of pi'ttTM n»oeJ 
uteu with 293 cells, after trunsfecilon Willi 40 jx| 
Of pibf&mid, was 35 pgper 100 ng gttnomlc DNA 
Tills results In -520 plasmid copies per evil, 



DISCUSSION 

Wo have described a new method for quanti1«i 
iu£ gene copy numbers using real-time nnuiy.si: 
of PCK axnpUncatlnm. ReaMlmc PCK i-*; compat- 
ible with either of the two PCK (KT-PCR) ap- 
proaciie^: (1) quanUlatlvc con»f>ciiiivi: where Ar 
intciiiai competitor for each target sequeoee i: 
used for noim all mion (dalo not shown) or (2] 
quaiuiiailvc comparative PCK uslny » iiuixiiali^)- 
tion gene contained within the sample (i.e., (3-ac- 
tin) ox a "housekeeping" gene for RT-PCK. Ft 
e.qual aoxounts of nucleic ucld arc analyzed for 
eacn sample aud if the amplification effiiiwu'.y 
before quantitative anaiysb l^ identical for eHch 
sample, The Vnrenuil l-ojjIicjI (auj medial ion gene 
i>r competittar) should j»lvc equal M^nals for ail 
samples. 

The real-time PCK method offers several ad. 
vantages over the other two methods currently 
employed (see the Introduction). First, the real- 
time PCR method is perfonncd in a dosed-tube 
system and requires no post-PCR manipulation 
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D "™it Ot.ant tfllivo ftnalyri* of pFSTM in transfcctx-d cell*. (A) Amount of 
plasmid DNA u«d for l he trunifectlon plotted against the mcun C, value deter- 
I'ort f« , remaining ^ hr flUcr lriins1cct ( on . WQ standard curvr^ of 
Slu^^l.ll l^k r S P CCl,V ^* f> r *™ DMA <fl) and genomic. t>NA (Q were 
diluted Mrbl^ 1 :S before amplification with the appropriate primer,. Tr,c B-actin 
standard curv* w«v usod to normal^ the result* oM to 1 00 rig of genomic DNA. 
{O) Tho amount of pVBTM present pur 100 ng of genomic DNA. 



of .simple. Therefor*, |hi- potent tn) for r*CR con- 
tamination in the laboratory is reduced because 
amplified products can b« aualy/.ed and disposed 
of without opening the rcmciion tubes. Second, 
this method svippoiU the u*« of a normalization 
gene (i.e., (3-actin) for quantitative. PGR or house- 
keeping genes for quantitative RT-l'Cit controls. 
Analysis is performed in real time during the log 
phase of product accumulation. Analysis during 
)ok phase permits many different genes (over a 
wide input tarftct rangr) to be analyxcd simulta- 
neously, without concern of reaching reaction 
plateau at different cycles This will make mulll- 
^en« analysis assays much caatai Uj develop, be- 
come individual internal u>mpeilioi> will m>l be 
needed for ench gene under analysis Third, 
sample throughput vvill iuciea:>c dramatically 
with the new method because there is no post- 
rcJU processing time. Additionally, winking In a 
format is highly compatible with auto, 
million technology, 

The real-time PCR method is highly repro- 
ducible. Replicate, amplifications can be analyzed 



for c-ach sample minimising potential error. The 
sysi«m allows* i*ot a very large us say dynamic 
range (approaching l,0OO,OO0-fold Marling la-, 
got). Ualng u .standard curve for the. target oi in- 
terest, rehiTlve copy number values can be deter- 
mined for any uukftuwji sample, fluorescent 
lb real) old values, G r/ eojirJair. linearly with rela- 
tive DNA eopy numbers. Real time quantitative 
KT-P<;K methodology (C.i'ib.son ct a]., this ijwufi) 
h*.i also been developed. Finally, real Urn* quan- 
titative I*C1* methodology can be used d> develop 
hi gh-ahroughput screening aaaay.s for n variety of 
applications [quantitative gene c*pic»»iuii (KT- 
rCR)j gene copy na.^oya <Mcr2, IJ1V, etc.), £cm> 
typing (knockout mouse analysis), and Inimuuu- 

renj. 

Real-time K*tt may adao be performed using 
intercalating dyfcx (Hlguchi ct nl. such us 

e.»J>Jdium bromide. The fluorogenic probe, 
method offers a ma|or advantage over inter- 
calating dyes-- greater specificity (i.e./ primer 
dimers and nonspecific PCR products art: not de.- 
tfvrted). 
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METHODS 

Generation uf <t Piasmld Containing a Partial 
cDNA for Human Factor YI11 

TutHi RNA v»d> luirvrMcd (RNAw»l W Ox>m 'M Tew, Inc., 
rTJCnOswood, TX) from cu)l*> it-%nafcclcd with o factur VHl 
expression vector, pdlSZ.Uv^O <K*lon el id. 1"H6; Gor. 
mnn c.l al. 1900). A fjiclor VIII partial cl)NA Mvjueniv WOSi 

^•M*.r«ccd i>y irr I'Glt l<iw»Mmp It/ iTih UNA l»rjl KU 
(pan NWXWiv/y, r£ aooIum) Hiosysicms, Vmwt <**ty # t;A)J 

using Die Peru primer j FHfor l-H/tv (j»rif«i*r wqiiniri 1 * 
are shown below). The .imp] Icon was reampliflcd dAlnj; 
modified Mfor and Wrcv primers (apix-mled with tttmdll 
and /VmdUl restriction site sequences «i the V end; unit 
cloned Into jXillM- 3Z {I*toi»k^u tuwp., muiIuod, Wi). The 
resulting elnnr, pV8TM, was uwd lor transient transfecilon 
of 293 cell*. 



Amplification of Target DNA anil Detection of 
Amplicon Factor VIII Ptasmic! DNA 

(pVHTM) was HinpWtuil whh the |f»luu.-o I'Bfor 5'-C<;c:- 

frr(K;(w\ACiAU'JtJA(XiiCiTC3* and Wrev .S'-AAACicrr- 
i^CCXn'OCJAJXiCi TACiC^Mlic ivnetUui produced t) 
up 11' :k product. The forward primer was de>Uun.*d to icv 
ognlze u uniquv M't|iiviur fmuid in the 5* untranslated 
region of the, pttienl pC132,tk2Si> pldMnHl find therefore 
does not k'ujhmL/a: and amplify the human factor VIII 
gcoe» I'riinnpR were- choson with thy miriam** of I Uc< com- 
puter program Oil so 1*" (Nutiiniul Uiuseionces, lm\, Ply- 
mouth, MN). The human p-actln gene whs amplified with 
the primer* fl-m-lio forward primer .^TCACOCACAKI'GT 
GCCCAT<7I'AGGA-.V and P-actiu reverse piimo-r S'*CA(i. 

C00AACC:c;crr<:Ai*rt;c:c.AA'J'CG-3\ The reaction pro- 
ciueeo a xvs hp rc.k product. 

Amplification reactions (SO pd) contained a DNA 
sample, 10X I'CU Huffcr II (S p.1), 200 u,M dATJ\ dCTl\ 
dGTt\ and ^CK> jim riUTI>, 4 inw Mg<:i ?l 1.2A tmlis Ampll 
7Vh; DNA polymerase, 0,5 unit Ampnrnse uracil rv-«ly- 
coayUac <UNG), 60 pmoJc of each foetoi VHl prlmei, and 1S 
ptiolt* <>f uutth M ac(Io pi I niff, Tlut icaetUnVh ttUo i:unUlncd 
OHO Of the following dtMcrtlnn prnhrs (1UO nw rnrh): 

j j »i»rMb<- A'(i'AW>Ac:crjYrrf:fu<^:T<;frn cyrrT(:i*c;T- 

GCCTT(TAMRA)u 3' nud p-nt-tiu urohe 5 f (FAM)ATGf.u:t 
XCTAMKAJCCCCCATGCr.ATCp-.T where p indieatcs 
plin^phoryiAlion nnd X indifotcs a linker arm nucleotide. 
Reaction UiIh\* wen* Micui>An\p Optical 1 ubes (pari AUflrt- 
hvr NKOI 00.1.1, Tcrldii lUmur) tliai wore froKtvd Cut IH'rfchi 
Hlmcr) to pivwiil liglil from /cflcctLn^t Tul>c copi were 
slmiKtv to MirniAiiip Cinpa but specially designed lo prc- 
ycui Hfiht seytlenn^.-AII ol ih<> IHltt *.u»n«uiri(»l>lf* wcro svi>»- 
|/lk:d 1>y PK Applied IHocyptcms (|!o*ler CMy, CX) except 
ihr factor Vlll urlmera, whlvn wm* xyn I hrsl/rd al (Jcmcm 
lech, Inc. (South '(in TV&oclsoo, CA). Prohev won- designed 
using the Oligr? 4.0 software, folk^vln^ giildcllnev kiij;- 

^cmpo in tnc Model 7700 .sequence Peuruw hmuum-nl 
manual. Briefly, prube 'l' m *)it»tild he Al least 5 U C lllfjhrr 
Ihail fhe auncwllux leiui^'jalorc im-d during Ihrrmol ey- 
rUny primers should not /omji ^UlI^U , duplexc*' wilh I he 
probe. 

The ihenijol cycling coiidiUoivs Included 2 juln M 
50"Cand 10 nun al 95*C, 'Hwnwl cycling prorrrded with 



rcactiouK were performed in (ho Modrl 7700 Sequence IV- 
UHi(»i- (PU ApplU'*3 Uluseyvivuiv), wihlrh conUlnv * Ococ 
An»t» W'.U Syslvm P«K>. Heart Ion cvudiliont w«Tf pin. 
^rumiitcU ijii .1 l'\»wor MacinUuh 710(1 (Apple C'wM , ""* r < 
Sonu Uara, tlA) linked dirxttly \a ihe Model Woo Se- 
c)ucik\' J><il?cior« AnalyvU <»f diU w>v aim jwrformfd or 
ihw Mm lnlfrth compiler. C^ollortlon and analydt coftwiir* 
win Ocvclo|X»d hi IT-: Applied niosyxtums. 



Transfection of Cells with Factor Vlll Construct 

Pour T17S flasks of 293 cells (ATCX: C1U. ?i huntar 

feiol lddiicy sutip^n^on cell line, wvre H r,lw " lo 80% con 
fluency And transected plfTIM. Cells wore grown In tin 
following modln: S0% HAM'S HI 2 without GUT, 5()% lt»w 
glucose nuJheeoo's modified I^leinediinn (UMIiM) with 
om glycine with sodium bicarbonate, 10% total Ikwitk 
serum, 2 ihm L-j?lwt<»mii)c, and 1% pcnidliin-strcptomy 

win. The medio w«s changed 30 niln Mt»«> (he iransCcc 
lion. pl : UTM WA Amounts of 40, 4, and 0.I ^; wen 
iiditcd to 1..S ml of n sututlun containing 0,115 m CUiCJ ; 
and 1 x MKI'KS. The four mixhrn^ were left al rtnnn tern 
ocn> l w f*ir IO mln oi>d theti inUU'd Hnipwbif \<> the cells 
The wvit-Wiuubatcd al 37°C'and 5% t'^a for 24 nr 

washed with PUS* imU r^tispcndcd In V\\$, 'Hie k'kiim 
jv!hKkI cclU were divided into «tii|u<»U und l.)*MA WAi 
toutted ImmcdlutelyusinR UivQIAump KUntd Kit (QUtfcri 
Ca3at,iwortl) t <.VV), UNA wos rJutcd Into 200 ^l vi 20 mv. 
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Contributed by David Botstein and Arnold I Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISPS and WISPS, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
WnM, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
WnM. These included (/) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tet racy line repressible promoter, and (it) Wnt-1 transgenic 
mice. The WISPS gene was localized to human chromosome 
8q24.1-8q24 j. WISPS genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30- fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISPS mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsn) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
j3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-p super family, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
. Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
mu I til aye red array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISPS 
and WISPS, and a third related gene, WISPS, The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
rtov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor, SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779. AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 ixg of poly(A) + RNA isolated 
from the C57MG/ Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /iM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WlSP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) -for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W^/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP- 1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycl ine- 
xpressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wni-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of *=27,000 (M T 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 ^g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp W75/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-} (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyU 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human. WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-T (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-L All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first* 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor' (IGF)- 
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Ftc. 3. (/!) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot, (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
coilagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of. a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was "seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP- 2. Expression of 
WISP- 1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 



-A ■ ••■ 




Fig. 4. (A , C f £, and G) Representative hematoxylin/ eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are showninB and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F),. expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human. WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
. assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0,001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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FiG. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £coRI (WISP-1) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of W1SP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP- J, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and" 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v fo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-I and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-01 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
cculd occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression; whereas overexpression of 
WlSP-3 RN A was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
arnplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic 0-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCland diluted into RPM1 growth medium. T-cell-proliferation assays were 
done essentially as described 20,21 . Briefly, after antigen pulsing (30u.gmr' 
TTCF) with tetrapeptides (l-2mgml"'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co -culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 nCi of 3 H- thymidine and harvested for scintillation counting 16 h later. 
Predigesuon of native TTCF was done by incubating 200 u,g TTCF with 0.25 y.g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for I h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EED1 and HIDNE5DI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5 mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Clycopeptides corresponding to residues 
622 -642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The iyophilized transferrin- 
derived peptides were redissolved in 50'mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mil ml"' pig kidney legumain or B-ceU AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl -1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane- asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc- tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected. with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 ' 7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 "' 2 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fo tagged ectodomain of Fas but not 
TNFRl. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
1.1 ±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset) . Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~0.1 p.gmT l . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of' mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes U4 "'\ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from -65% to 
-30%, with half-maximal inhibition at —1 u.gmT l ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the AMinked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the 0cR3 cDNA as a probe and blots of pofy(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
0cR3-Fc (solid line, shaded area), TNFRl -Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS*. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolicaliy labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRt, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc, OcR3- 
Fc or Fas-Fc and visualized by immunoblot with ariti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3 r Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon rumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data, not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene: is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clones insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3- linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ' 19 . . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 




Time (h) 



Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;.5ngmr') oligomerized 
with anti-Flag antibody (0.1 u.g ml - ') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a, in presence of 1 ttgrnt' DcR3-Fc (H lied. circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interieukin-2, 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc. or 'OcR3-Fc (10u,gmr'). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 51 Cr- 
labelied Jurkat cells in the presence of DcR3-Fc (rilled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate).- 



Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k, r), seven squamous-cell carcinomas (a, e. 
m, n. o, p, q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means z s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Oata are 
means ± s.e.m. of five experiments done in duplicate.- c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd). the 
DcR3-linked marker T160. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR*family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in Gen Bank (accession 
numbers AA025672, AA025673 and W67560) and in Ufeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 220 7027) showed similarity to members of the TNFR family We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR- generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas orTNFRl, was fused to the hinge and Fc region of human 
lgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We trans fee ted 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u.g), together with pRK5 encoding CrmA 
(2 jxg) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin -conjugated 
strep tavi din (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immuno precipitation. Human 293 cells were trans feet ed as above, and 
metabolically labelled with [ 35 S]cysteine and { 35 S J methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u,M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 p.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25p.g) was 
incubated with buffer or with DcR3-Fc (40 u,g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 uJaliquots into microti tre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
stxeptavidin- horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL ho mo trim ers. 

Equilibrium binding analysis. Microti tre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above; and the wells were blocked with excess lgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-ceil AICD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g mT 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml"' ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16h with 5l Cr-Ioaded Jurkat cells at an efFector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human lgGl. 
Target-cell death was determined by release of ? ! Cr in effector- target co- 
cultures relative to release of 51 Cr by detergent lysis of equal numbers of Jurkat 
cells. ; 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI ). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene -specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTCCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (4CT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia colt genome 
sequence revealed that the largest family of paralogous B. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated- with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. co/i u_B is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 1 , and the formation of a HisP dimer upon chemical cross- . 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active, soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded £- 
sheet 03 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7, al and ct2) on one side 
(within arm I) and a domain of mostly ot-helices (a3-a9) on the 




Figure 1 Crystal structure of HisP. a, view of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
TKe thickness of arm II is about 25 A. comparable to that of membrane. a-He!ices 
are shown in orange and 3-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c. View of one monomer from 
the bottom of arm I, as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostid prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (AB1 Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the. reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndT and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. j. 
Cancer 78:661-666, 1998. 
© 1998 Wilcy-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai, 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include mvc (8q24), 
ccnd\ (1 lql3), and eroB2 (1 7ql2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et ai, 1992; Stamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance,/ 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DN A) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PGR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co : valent!y linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of Q 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
rumors (myc, ccndJ and eroB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4ql1-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = • . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene Paniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, Micro Amp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10~ 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at — 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 jil) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpIiTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
1 00 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95 °C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for I min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96- well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 prGto-oncogenes, 
and the p-amyloid precursor protein gene {app\ which maps to a 
chromosome region (2Iq21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et aL, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure I shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least "4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 1 0 3 copies. 

Copy-number ratio of the 2 reference genes fapp and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 s (A9), 10 4 (A7), 10 3 (A4) to 10* (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARji increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 2Iq21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

rnyc, ccndl and zxbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods' 1 . TheN value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ± 6. 1 9) for erbBl. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl andtvhB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 1 1/108), and ranged from 2 to 18.6 for 
ccndl, 1 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TU8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 1 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

, Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 er6B2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbB2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 




myc 


0 


97 (89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbBl 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-siage rumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-liiniting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real -time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al., 
1996; Slamon et al., 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events,- as 
reported by other teams (Bems et al. 1 992; Borg et al, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al (1 992) and Courjal et al 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 15-fold, also in keeping with earlier results (about 



GENE AMPLIFICATION BY REAL-TIME PCR 



665 



& 

< 



1.600 
1.400 
1.200 
1.000 
0.800 
0-500 
0.400 
0.200 
. 0.000 
-0.200 



Amplification - CCND1 



- 


















TTTTT1 


h- # * is * ft" K a «■ 
T 1 1 M 1 1 1 1 1 1 


■ i i i i 1 1 1 4 1 1 1 1 1 1 1 1 1 1 ITTT 



I — Samples 



H FAM - A8 
H FAM - E12 
E3 FAM - Gil 



0 2 



6 8 



Viewer: | ARn (B... ^ ) 



JO 12 H 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter QaMj^ 
Cycle 



2.000 
1.8O0 ■ 
1.600 
1.400 H 
1.200 
1.000 
0.800 
0.600 
0.4O0 - 
O.2O0 
0.000 - h 
-0.200 



Amplification - ALB 




— Samples 



E3 FAM • B4 
El FAM - C6 
H FAM - C8 



Viewer: I ARn(B...^| 



1 I I I I I l I t l l l I I M l l l l I I I I I | i I i i i i | i | i i 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter PFAM ▼ \ 

Cycle 



CCND1 



ALB 



Tumor 
■ T118 
M T133 
M T145 



27.3 
23.2 
22.1 



Copy number 
4605 
61659 
125892 



c t Copy number 

26.5 4365 
25.2 10092 

25.6 7762 



Ficure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 h B4, red squares) 
andTl45 (A8, C8, blue squares). Given the Q of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et aL, 1 992; Borg et aL. 1992; Courjal et 
aL, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et aL, 1995; Deng et aL, 1996; Valeron 



et aL, 1996). Our results also correlate well with those recently 
published by Gelmini et aL ( 1 997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF cendl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS 1 



Tumor 




ccndl 






atb 




Hccndl/atb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 . 




61521 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (NccndJ/alb) is determined by dividing the average ccndl 
copy n ember value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(s5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erb&2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. . These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg ei al, 1992; 
Slamone/a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification'. Indeed, we found a 
decreased copy number of er£B2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (1 7q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place, in routine clinical 
gene dosage. 
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